Purpose: The purpose of this study is to report the long-term outcomes and toxicity results of a prospective trial of moderately hypofractionated, image guided radiation therapy (RT) for localized prostate cancer. Methods and materials: Patients were enrolled between December 2006 and February 2012. Patients in group 1 were stage T1-T2b, had a Gleason score (GS) of 2 to 6 or 7 (3 + 4) with only 1 lobe involved, and had prostate-specific antigen levels ≤10 ng/mL. Group 2 patients were stage ≥T2c, had a GS ≥7 (4 + 3), a GS 7 (3 + 4) involving both lobes, or a PSA >10 ng/mL and ≤30 ng/mL. All patients underwent transrectal ultrasound guided fiducial (Visicoil) placement prior to computed tomography/magnetic resonance imaging simulation. Daily cone beam computed tomography with online correction was used. The prescribed dose was 64 Gy in 20 fractions. The primary endpoint was acute and late toxicity. The secondary endpoint was biochemical control. Results: A total of 40 patients with a median age of 70 years were recruited for the study. Twentytwo patients (55%) were in group 1, and 18 patients (45%) were in group 2. Thirteen patients (32.5%) were classified as low, 26 patients (65%) as intermediate, and 1 patient (2.5%) as high risk per the National Comprehensive Cancer Network criteria. The median follow-up time was 59 months. Fiveyear biochemical control was 100% and 94.4% for groups 1 and 2, respectively. Thirteen patients (32.5%) developed acute gastrointestinal (GI) toxicities grade ≥2 and 3 (7.5%) developed acute grade 3 GI toxicity. A total of 17 patients (42.5%) developed grade ≥2 acute genitourinary toxicities and 1 (2.5%) developed acute grade 3 dysuria. Two patients (5%) developed late GI toxicities grade ≥2. There was 1 case (2.5%) of grade 4 fistula requiring sigmoid resection. Seven patients (17.5%) developed grade ≥2 late genitourinary toxicities; 2 patients (5%) late grade 3 urinary frequency/urgency. Conclusions: Moderately hypofractionated RT is effective with favorable toxicity and biochemical control, providing further evidence that increasing daily fractional dose can be safely and effectively delivered with contemporary RT techniques.
Introduction
In recent years, technological advances have given us many tools, such as image guidance and conformal radiation therapy, to improve the treatment of prostate cancer. Intensity modulated radiation therapy (IMRT) has allowed for safe dose escalation with proven benefits with respect to biochemical control (BCC). [1] [2] [3] [4] This has led to increased interest in moderate and extreme hypofractionated schedules due to the inherent biology of prostate cancer and potential convenience and cost improvements associated with decreased treatment duration. Unlike many other malignancies, prostate cancer has been shown to have a low alphabeta ratio, possibly as low as 1.5 Gy, [5] [6] [7] which suggests a therapeutic advantage to treat prostate cancer with highdose fractions.
Multiple large randomized trials have recently been published and report comparable disease control with moderate fractionation. However, toxicity results were mixed, with some trials showing worse toxicities. Those protocols did not mandate optimal modern radiation therapy techniques and allowed variable planning target volume (PTV) margins up to 10 mm. [8] [9] [10] Our protocol examines the utilization of modern 3-dimensional, image guided radiation therapy (IGRT) with fiducials to minimize PTV margins to 3 mm. We report here the toxicity and BCC outcomes from the prospective, nonrandomized, prostate hypofractionation protocol treating patients to a total dose of 64 Gy in 3.2 Gy daily fractions. We hypothesized that fractional doses of radiation could be increased safely through the use of image guidance and tight PTV margins.
Methods and materials
This trial was approved by our institution's institutional review board. Patients were eligible if they had biopsy-proven prostate adenocarcinoma. Patients were recruited prospectively into 2 groups on the basis of risk factors. Patients in group 1 had stage T1-T2b, a Gleason score (GS) of 2 to 6 or 7 (3 + 4) with only 1 lobe involved, and prostate-specific antigen (PSA) levels ≤10 ng/ mL. Group 2 patients had stage T2c, GS 7 (4 + 3), GS 7 (3 + 4) involving both lobes, or PSA levels >10 ng/mL and ≤30 ng/mL. Patients needed to be able to undergo a magnetic resonance imaging (MRI) scan during the initial simulation process to generate a computed tomography (CT)-MRI fusion for optimal target delineation. Short term (≤6 months) androgen deprivation therapy was allowed at the physician's discretion.
Patients were excluded if they had severe diabetes mellitus with signs/symptoms of neuropathy or angiopathy; inflammatory bowel disease such as ulcerative colitis or Crohn disease;, prior transurethral resection of the prostate within 2 years of enrollment; or previous anorectal surgery, with the exclusion of external hemorrhoid. Additionally, patients with a maximal lateral separation of >37 cm or those with a visible "apron" were not eligible, nor were patients with a history of hip replacement surgery.
All patients underwent an initial complete history review and physical examination to determine eligibility. A CT scan of the abdomen/pelvis was required for patients in group 2, and bone scan was optional. All patients underwent transrectal ultrasound guided fiducials (Visicoil; IBA, Reston, VA) prior to the CT-MRI simulation. The MRI was not used for staging but was performed for the purpose of target delineation, specifically to aid in the delineation of the apex of the prostate. No treatment stage was changed on the basis of MRI findings. The gross tumor volume (GTV) was defined as the external contour of the prostate gland for group 1 patients, with the addition of the entire seminal vesicles for group 2 patients. The clinical target volume (CTV) was defined as the prostate with a 0 mm margin for group 1 patients and a 2 to 4 mm margin for group 2 patients. The PTV was defined as the CTV with a 3 mm uniform margin. The organs at risk that were contoured included the rectum, bladder, small bowel, penile bulb, prostatic neurovascular bundles, and femoral head.
Patients were treated with IMRT or volumetric modulated arc therapy using high energy (≥6 MV) photon beams. Dose was prescribed such that ≥95% of the PTV received the prescription dose and the maximum dose did not exceed 105% of the prescription. The prescribed dose was 64 Gy in 20 fractions at 3.2 Gy per fraction. This was calculated using a conservative alpha-beta ratio assumption of 4 Gy to an equivalent dose in 2 Gy (EQD2) of 76.8 Gy. For the organs at risk, we used the following constraints during planning: Bladder constraints were V59.4Gy <30% and Dmax of 64.1 Gy; rectal doses were constrained to a V56.5Gy <40%, V59.4Gy <30%, and V 62.6 Gy <5%; small bowel Dmax was not to exceed 48.6 Gy; and femoral head Dmax was constrained to 48.6 Gy.
Patients were aligned daily, initially with laser and skin tattoo localization. Fiducial alignment was done and verified through the use of daily cone beam CT (CBCT). Bladder filling and rectal position were monitored on the CBCT; administration of daily treatment if either were unsatisfactory was at the discretion of the treating physician. The CBCTs were assessed daily by the physicians.
Acute and late toxicities were recorded in accordance with the National Cancer Institute Common Terminology Criteria, version 3.0.
11 Acute toxicities were scored as any symptoms experienced during the first 90 days from the start of radiation therapy (RT), and late toxicities were recorded as those beyond 90 days. Patients were followed every 3 months with an examination and PSA test for the first 2 years, every 6 months from years 2 to 5, and annually after 5 years. The visits were scheduled to alternate between a radiation oncologist and urologist when possible. All toxicity data were collected during routine radiation oncology follow-up.
The primary study endpoint was acute and late toxicity, not to exceed a 7% increase in acute (<3 months post-RT) genitourinary (GU) toxicity relative to the historical, standard fractionation approach. The secondary endpoint was BCC to demonstrate that control rates compared favorably with historical measures in the context of image guidance with a reduced PTV margin. Biochemical failure was defined using the phoenix definition of a PSA level increase of ≥2 ng/mL from the nadir. 12 SPSS software version 22 (IBM, Armonk, NY) was used for statistical analysis. BCC and overall survival were calculated using the KaplanMeier estimate. Toxicities are reported as the maximal toxicity (excluding sexual toxicity) that the patient experienced during the follow up period.
Results
A total of 43 patients were enrolled between December 2006 and February 2012. Three patients withdrew consent, leaving 40 patients for inclusion in this analysis. The median follow-up time was 59 months (range, . Patient characteristics are shown in Table 1 . The median patient age was 70 years (range, 54-81 years). The majority of patients had clinical stage T1c (75%). The Gleason score was equally distributed between 6 (32.5%), 7 = 3 + 4 (35%), and 7 = 4 + 3 (32.5%). The median pretreatment PSA was 5.65, and the majority of patients fell into the National Comprehensive Cancer Network intermediate-risk group category (65%). Two patients received androgen deprivation therapy prior to initiation of RT.
A single biochemical failure occurred in group 2 and none in group 1, yielding 5-year cumulative incidence estimates for BCC of 97.4%, 100%, and 94.4% for the entire cohort, group 1, and group 2, respectively. The single biochemical failure event occurred 23 months after completion of treatment (Fig 1) . The patient has been started on intermittent androgen deprivation therapy, and PSA remains undetectable without signs of systemic disease at this time. Two patients without prior evidence of biochemical failure died during the follow-up period from causes that were unrelated to prostate cancer.
Acute gastrointestinal (GI) toxicities grade ≥2 were observed in 13 patients (32.5%). Three patients (7.5%) sigmoid resection and repair and has been asymptomatic since that time. The patient had a history of diverticulosis. On review of the radiation plan, the maximum hot spot was 106% of the prescription dose (68 Gy) at the base of the bladder and did exceed the protocol recommended maximum of 64.1 Gy. Subsequently, strict adherence to the protocol-specific organ constraints were mandated.
For chronic GU toxicities, 7 patients (17.5%) developed chronic grade ≥2 toxicities, 2 (5%) developed grade 3 urinary frequency/urgency, and no grade 4 toxicities were recorded. All acute and chronic toxicities are listed in Tables 2 and 3 . With regard to sexual function, 14 patients (35%) were impotent at baseline. During the followup for those who had sexual function prior to the trial, 9 patients (34.6%) retained function. Ten patients (38.5%), Figure 1 Biochemical failure-free survival in months of patients in the entire cohort (solid), group 1 (wide dash), and group 2 (fine dash). 6 patients (23.1%), and 1 patient (3.8%) had grade 1, grade 2, and grade 3 sexual toxicity, respectively.
Discussion
Our results show that moderate hypofractionation with 64 Gy in 20 fractions is feasible and safe in patients with low-to intermediate-risk prostate cancer. Severe late toxicities are rare, with 1 case of grade 4 rectal fistula and 2 cases of grade 3 urinary frequency/urgency. With a median follow-up of 59 months, 5-year BCC was favorable at 97.1%. Our primary and secondary objectives were also met based on the favorable results of our study. The single grade 4 toxicity in our cohort demonstrates the importance of adhering to the prespecified protocol constrains.
A number of randomized trials have compared traditional fractionation with moderate hypofractionation and have reported early results (3-5 years). Most of the trials do not show a difference in biochemical control, and toxicities are comparable. These trials all have variable inclusion criteria with slight differences in the hypofractionation schedule. Recently, Radiation Therapy Oncology Group (RTOG) 0415 was published, having included 1101 men with lowrisk prostate cancer who were randomized to 73.8 Gy in 41 fractions or 70 Gy in 28 fractions. The 5-year diseasefree survival was 85.3% in the conventional arm versus 86.3% in the hypofractionated arm. The study concluded that the hypofractionated regimen was noninferior to the standard treatment arm. 8 The Conventional or Hypofractionated High-dose Intensity Modulated Radiotherapy for Prostate Cancer (CHHiP) trial in the United Kingdom enrolled 2100 allrisk-group patients with prostate cancer, randomizing them to 74 Gy in 37 fractions, 60 Gy in 20 fractions, or 57 Gy in 19 fractions. With a median follow-up time of 62.4 months, the 5-year biochemical or clinical control rate was 88.3% in the 74 Gy arm, 90.6% in the 60 Gy arm, and 85.9% in the 57 Gy arm. The 60 Gy dose was noninferior to the 74 Gy, but noninferiority could not be established for the 57 Gy dose compared with 74 Gy 9 In addition, the HYpofractionated irradiation for PROstate cancer (HYPRO) trial was also recently published. The study randomized 820 intermediate-to high-risk patients to 78 Gy in 39 fractions versus 64.6 Gy in 19 fractions. The median follow-up time was 60 months. The 5-year relapse-free survival was 80.5% in the hypofractionation arm and 77.1% in the conventional fractionation arm, which was not significantly different. 10 Our favorable BCC at 5 years could be a reflection of favorable patient selection because a majority of the patients had GS 6 and GS 7 = 3 + 4 (77.5%). In addition, our BED is higher than that of the RTOG 0415 regimen if an alpha-beta ratio of 2 Gy is selected but is equivalent if an alpha-beta of 4 Gy is used. This raises the possibility that the true alpha/beta ratio of prostate cancer could be on the lower end of the literature's estimate. Finally, given the small sample size of the cohort, the higher BCC may simply be due to statistical variance.
Several studies have suggested mixed toxicity results associated with hypofractionated treatment. A randomized control trial from Italy with 168 patients and 3-dimensional chemo-RT randomized to 80 Gy in 40 fractions versus 62 Gy in 20 fractions found worse acute and late GI toxicity in the conventional arm. 13 Another trial from MD Anderson randomized 203 patients treated with IMRT to 75.6 Gy in 42 fractions versus 72 Gy in 30 fractions and found a nonsignificant trend toward inferior GI toxicity in the hypofractionated arm.
14 In addition, Fox Chase conducted a trial enrolling 303 patients and IMRT planning, randomizing patients between 76 Gy in 36 fractions versus 70.2 Gy in 26 fractions. They found no significant difference in late toxicity, although subgroup analysis showed that those with compromised urinary function prior to treatment had worse urinary function after hypofractionated RT. 15 Our toxicity profile compares favorably with data from other institutions and large clinical trials. The CHHiP trial published their toxicity and quality of life (QOL) data. Using patient-reported QOL questionnaires as well as physiciangraded toxicity, no differences were found among the 3 arms. 16, 17 RTOG 0415 reported an increase in late grade 2 and 3 GI/GU toxicity in the hypofractionated arm. 8 Their hypofractionated arm had chronic grade ≥2 GI and GU toxicities at 22.4% and 29.7%, respectively, and chronic grade ≥3 GI and GU toxicities at 4.1% and 3.5%, respectively.
The HYPRO trial showed higher acute GI grade 2 or higher toxicity in the hypofractionation group (42% vs. 31%), and noninferiority could not be established. 18 For their late toxicities, noninferiority could not be established with ( grade 2 or worse GI/GU toxicity. 19 Our prospective series compared favorably with the results from these trials with regard to chronic grade ≥2 GI and GU toxicities at 5% and 17.5%, respectively, and chronic grade ≥3 GI and GU toxicities at 2.5% and 5%, respectively. A cross-trial comparison is not possible with the CHHiP and HYPRO trials because different toxicity scales were used. RTOG 0415 used the same toxicity scale, and our results compare favorably with the lower rates of late grade ≥2 GI (5% vs. 22.4%) and GU (17.5% vs. 29.7%). This may in part be due to the use of tight margins in our study.
The favorable toxicity in our series could in part be explained by our delivery techniques, many of which are now commonly implemented in standard RT practice. Specifically, 3-dimensional imaging with CBCT was used in conjunction with fiducial marker placement to minimize PTV expansion needs; consequently, a 3 mm margin on the CTV was used. This is significantly less than those used in previously reported studies, and the favorable BCC rates observed in our series suggest that the techniques implemented in the current series are sufficient.
RTOG 0415 allowed a 4 to 10 mm applied margin for the PTV and did not require the use of IMRT. Studies have shown that use of IMRT compared with 3D conformal radiation therapy resulted in decreased late GI toxicities. 20 Our protocol required fiducial placement in all patients with daily CBCT for online correction. Previous studies have shown that marker placement increases the accuracy of daily setup and allows tighter margins to be applied. 21 Similarly, daily CBCT has been shown to allow for a reduction of PTV margins while still adequately treating the target. 22 The precision in radiation delivery and our ability to reduce PTV margins is the likely explanation for the reduced rectal toxicity observed relative to those reported in the randomized trials. Clinics with available resources may be able to achieve lower toxicities, such as in our series, with the use of modern IGRT with fiducial placements.
Finally, the importance of precise image guidance in the context of hypofractionated RT for prostate cancer cannot be underestimated. Although the authors acknowledge the relatively small sample size in the current series, the 5-year BCC rate of 97% is notably superior to any of the large, prospective series published to date, the vast majority of which did not require CBCT image guidance (Table 4) . This protocol included optimal target delineation through the use of magnetic resonance-based simulation and daily alignment to fiducials under the guidance of CBCT scan. Although intrafraction motion was not specifically taken into account, every other source of setup inaccuracy was addressed prior to the delivery of each treatment fraction and although IGRT offers immense potential advantages in any treatment setting, such are augmented in the hypofractionation context in which any setup inaccuracy on a given day results in a larger proportion of the treatment being delivered suboptimally.
Conclusions
Our results add to the growing body of literature supporting the safety and efficacy of moderately hypofractionated RT for prostate cancer. The limitations of our study include the relatively small patient cohort, lack of high-risk patients, physician-as opposed to patientreported outcomes, and the lack of a control arm for direct comparison. However, our prospective results show excellent control, with favorably low long-term toxicity rates. The data from previously reported randomized trials support the implementation of hypofractionated RT as a standard treatment approach option, albeit with a slightly increased toxicity risk. This series suggests that the use of optimal target localization resulting in limited PTV expansion, along with IMRT/volumetric modulated arc therapy delivery techniques, can limit toxicity while preserving highly favorable disease control rates.
